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Kubelka-Munk methoda b s t r a c t
Light absorption properties are one of the most important characteristics of semiconductor materials,
since it is related to particle size, electric resistance, powder density, and dielectric constant. Barium hex-
aferrite (BaFe12O19) particles were synthesized by ceramic and chemical co-precipitation method. Light
absorption properties were studied in relation to the particle size, morphology, and surface porosity.
The band gap was calculated by the Kubelka-Munk method from the obtained experimental absorption
spectrum. Band gap energies of 1.82 and 1.86 eV were estimated for the particles synthesized by the cera-
mic method and for the co-precipitation method respectively. The results show that both synthesized
BaFe12O19 samples can be effectively excited with visible light irradiation. In addition to this, due to its
other good characteristics such as its magnetic properties, high resistance to corrosion, and chemical sta-
bility, make the barium hexaferrite an excellent material for diverse technological applications.
 2019 Elsevier B.V. All rights reserved.1. Introduction
There are diverse methodologies for the estimation of the band
gap energy for semiconductor materials, from optical to electro-
chemical [1–5]. The most common method used is the diffuse
reflectance method, in which the absorption spectrum of the stud-
ied material is analyzed [1,2,6]. Semiconductors are mainly used as
catalysts, solar cells, lasers, Gamma ray detectors, and electronic
devices due to their efficient charge transference and their photon
absorption properties [7,8]. Materials as MFe2O4, (where, M = Ba,
Zn, Fe, Co, Cu, Mn), BiFeO3, BaFe3-x, present a band gap energy of
2 eV, therefore, are efficiently exited under visible light irradia-
tion [9–16] and in addition, has excellent magnetic properties
[16–22]. MFe12O19 (where, M = Ba, Sr, Cu, Pb) [19,23–25] magnetic
properties are known to be highly dependent of the electronic con-
figuration of the substituting cations as well as on their site prefer-
ence into the structure [26–29]. Barium hexaferrite is a
semiconductor material, technologically important due to its low
production cost and by its multiple applications as permanent
magnets, as high density recording devises, speaker components,electric motors, microwave devices, and recently as catalysts
[10,11,15,16,30–32]. In addition, Barium hexaferrite possesses
exceptional properties as high Curie temperature, high cohesive
strength, high magnetic field anisotropy, chemical stability, and
corrosive resistance [30,32,33]. The goal of this work is to synthe-
size the BaFe12O19 by both ceramic and chemical co-precipitation
method, and then study and to compare their band gap energy as
a part of their optical properties, according to the particle size,
morphology, surface area, and porosity.2. Materials and methods
For the synthesis of the BaFe12O19 by the ceramic method, a
mixture of barium carbonate and iron oxide was used, then the
mixture was sintered at 1473 K, as reported by Ataie et al [34].
On the other hand, for the synthesis by the chemical
co-precipitation method, barium nitrate and iron nitrate salts were
precipitated at pH = 11 and then sintered at 1173 K, as reported in
our previous work[15].
The BaFe12O19 crystalline phase was determined by the use of
an X-ray diffractometer Bruker-AXS D8 Advanced with CuK
radiation (k ¼ 1:5406 Å). The particle size and morphology were
studied by Transmission Electron Microscopy (TEM, JEOL
240 A. Bañuelos-Frías et al. /Materials Letters 252 (2019) 239–243JEM-1230) working at 100 kV, a Scanning Electron Microscopy
(SEM, JOEL 1200) working at 120 kV and additionally, with a
Malvern Zetasizer model Nano ZS. The surface area and pore size
were determined by the use of a surface analyzer Brunauer-
Emmett-Teller (BET) Bel Sorp mini II/Bel Japan INC. The band gap
energy was estimated from the measurements made with an
Ocean Optics 4000-UV-VIS spectrophotometer.3. Results and discussion
The X-ray diffraction pattern of the BaFe12O19 for both synthesis
methods is shown in (Fig. 1). The characteristic diffraction peaks
corresponding to the (hkl) planes and can be straightforward
indexed in accordance to the card number JCPDS 96-100-8842. It
can be seen that the characteristic peaks corresponding to the
BaFe12O19 synthesized by the ceramic method are higher than
the peaks of the sample synthesized by the co-precipitation
method, thus indicating a larger particle size of the ceramic
method sample, this can be confirmed by the particle size distribu-
tion of the BaFe12O19 as shown in (Fig. 2b and g). The average par-
ticle size was about 825 and 225 nm, for the sample synthesized by
the ceramic and chemical co-precipitation method respectively.
The morphology of the BaFe12O19 particles synthesized by both
methods is shown in (Fig. 2d, e, i, j), they show an undefined par-
ticle morphology with high agglomeration rate. This noticeable
size variation can be attributed to the synthesis method, since
higher temperatures will provoke more agglomeration and then
resulting in larger particle size in the bulk.Fig. 1. XRD pattern of BaFe12O19 a) BaFe12O19 synthesized by ceramic method at
1473 K by 2 h, b) BaFe12O19 synthesized by co-precipitation method at 1173 K by
4 h and c) diffraction pattern card number JCPDS 96-100-8842.The curves corresponding to the obtained distribution of the
adsorption/desorption isotherms of BaFe12O19 particles for both
synthesis methods are shown in (Fig. 2c and h). From the adsorp-
tion/desorption isotherms it can be determined that both synthesis
methods produce mesoporous materials, which can be beneficial
for diverse processes such as adsorption and catalysis, due to the
particle surface area, as well for the solar cell production. Pore size
distribution goes from 2 to 50 nm and this is attributed to defects
in the particles, as it is shown in (Fig. 2d, e, i, and j). The porosity
type is very specific and representative depending of the synthesis
method. On the other hand, large pore sizes may result from the
gaps between the agglomerated particles, while smaller pore sizes
can be the result of defects generated by fractures in the particles
during the cooling process.
The surface area, SBET, was estimated to be around 7.1249 m2/g
and 2.0622 m2/g for the samples synthesized by the chemical
co-precipitation and ceramic method respectively, and it can be
noticed that the surface area decreases as the particle size
increases depending on the synthesis method.
For this work, the diffuse reflectance method was used in order
to estimate the absorption edge and then the band gap energy. The
estimated absorption edge for the BaFe12O19 powders was 715 and
699 nm, for particles obtained by the ceramic and for the chemical
co-precipitation method respectively, as shown in (Fig. 3a). Both
absorption edges comprise the visible light region and are denoted
by the slope change in the absorbance spectrum, showing an exci-
tation from the valence to the conduction band, the separation of
these energetic bands is the band gap. For this reason, while study-
ing semiconductor materials band gap it is possible to observe
change in coloration depending on the particle size. Concerning
to this, the ceramic method synthesis produces black powders,
while the co-precipitation method yields dark brown powders
respectively, with a bad gap of 1.82 and 1.86 eV without take into
account the electronic transitions 1.91 and 1.97 eV considering the
direct allowed transitions and finally 1.72 and 1.77 eV for the indi-
rect transitions as it is shown in (Fig. 3b–d). In addition, the effect
on the band gap of the Ba+2/Fe+3 ratio, time and calcination temper-
ature was also studied for the synthesis carried out by the
co-precipitation method. a) 1/6.4 at 1123 K for 3 h b) 1/64 at
1173 K for 3 h c) 1/6.697 at 1173 K for 4 h and d) 1/12 at 1173 K
for 4 h. The obtained Band gap were a) 1.82, b) 1.81, c) 1.83 and
d) 1.79 eV, without considering the electronic transitions. How-
ever, in these reactions a mixture of phases was produced, includ-
ing hematite, which is unstable in photocatalytic reactions.
In this study it was found that the sample with larger parti-
cles present a lower band gap than the sample with smaller par-
ticle size, which favors the electron transference while applying
an external field. This in accordance to the study of Pattanayak
et al, who observed a decrease in the electric resistance of the
BaFe12O19 by decreasing the particle size [35]. The ability to
absorb visible light, is one of the greatest attributes of these
materials since diverse scientific research fields requires semi-
conductor that can be excited with the minimal possible energy
amount [11,12,15,17].
4. Conclusions
Mesoporous BaFe12O19 particles were synthesized by both
ceramic and chemical co-precipitation method. BaFe12O19 syn-
thesized by the ceramic method presented a lower band gap
energy (1.82 eV) than the sample synthesized by the co-
precipitation method (1.86 eV), this despite the fact that the par-
ticle size of sample obtained by the ceramic method is larger
(715 and 699 nm), with a larger surface area for particles
Fig. 2. (a and f) Adsorption/desorption isotherm, (b and g) particle size distribution, (c and h) pore size distribution, (d and i) TEM micrography, (e and j) SEM micrography of
BaFe12O19 synthesized by co-precipitation method and ceramic method respectively.
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properties can be modified by variations of the synthesis
method, by changing the particle size and morphology or by
means of a surface functionalization. Since, these materials can
be excited under visible light irradiation, and in addition to other
several remarkable attributes such as low production cost, mag-
netic properties, high corrosion resistance and chemical stability
makes BaFe12O19 an excellent material for diverse technological
applications. For example, in photocatalysis, where it can be
used for mineralization or production of organic compounds,and furthermore, because its magnetic properties can be easily
removed from the reaction mixture.
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Fig. 3. (a) Edge of the absorption band, Kubelka–Munk model: (b) without considering electronic transitions, (c) direct allowed transitions, (d) indirect allowed transition of
BaFe12O19 synthesized by ceramic method and co-precipitation method.
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